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10 PHOTONIC SENSOR PARTICLES AND FABRICATION METHODS 

TECHNICAL FIELD 

A field of the invention is sensing. Example applications for 
15 particles of the invention include high throughput screening, drug discovery, 
biomedical implants, information display, optical switching, and chemical and 
biological sensor fields. 

BACKGROUND ART 

20 Microscopic devices for moving toward specific, predetermined 

targets to isolate and detect those targets could be invaluable for a variety of 
applications, such as environmental monitoring, medical diagnostic, or 
therapeutic applications. However, many of the components required by such 
microscopic devices are too small or overly complex to be fabricated using 

25 conventional lithographic tools. Manipulation of matter at a nanoscale level is 
accordingly highly advantageous. 

Self-assembly reactions provide one route for constructing 1-, 2-, 
and 3-dimensional objects in this size regime. For example, covalent bonds 
between alkanethiols and gold substrates have been used to pattern surfaces in 

30 2 dimensions, surface affinity properties have been used to self-assemble 
colloidal photonic crystals in 2 and 3 dimensions, and complementary 
interactions between DNA base pairs have been used to assemble nanoparticles 
into 3-dimensional networks. These hierarchical structures have been used for 
various optics and sensor applications. In general, semiconducting or metallic 

35 nanocrystals or monodisperse polymeric beads are the building blocks for this 
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"bottom up" synthetic approach, where the structures are held together by van 
der Waals forces, hydrogen bonding, or other specific chemical interactions. 

DISCLOSURE OF INVENTION 
5 The invention is related to optical particles, use of optical 

particles in sensing applications, and methods of fabricating optical particles 
that can target a desired analyte. The invention is also related to the self- 
assembly of individual optical particles. An advantage of the invention is that 
it includes self-assembling individual photonic crystal sensors onto a target. In 

10 an embodiment of the invention, a processed sensor stmcture having two 
generally opposing surfaces is provided, wherein each of the opposing surfaces 
have different surface affinities, with a first optical stmcture formed on one of 
the opposing surfaces, and a second optical structure formed on the other of the 
opposing surfaces. The chemically and optically asymmetric opposing surfaces 

15 will spontaneously align at an organic liquid/water interface. Changes in the 
optical response of at least one of the opposing surfaces indicate the presence 
of a particular analyte for sensing applications. 

BRIEF DESCRIPTION OF THE DRAWINGS 
20 FIGURE 1 is a schematic diagram illustrating the syntliesis of 

dual-sided photonic crystals according to a preferred embodiment of the 
invention; 

FIG. 2 is a graph illustrating the reflectivity spectmm taken fi-om 
each side of a bifimctional porous Si rugate sensor; 
25 FIG. 3 is a graphic illustrating the reflectivity spectra of a 

hydrophobic surface of a bifimctional porous Si film illustrated in FIG. 2; and 

FIG, 4 is a graph illustrating the reflectivity spectra of the 
hydrophilic surface of the bifimctional porous Si film illustrated in FIG. 2. 
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The invention is related to optical particles, use of optical 
particles in sensing applications, and methods of fabricating optical particles. 
It is contemplated that the chemically asynunetric optical particles have 
applications in high throughput screening, drug discovery, biomedical 
5 implants, information display, optical switching, and chemical and biological 
sensor fields. In one embodiment, a processed substrate is provided having two 
opposing surfaces, such as, for example, a top surface and a bottom surface, 
with different surface affinities and different optical signatures, with a first 
optical structure formed on the top surface, and a second optical structure 

10 formed on tfie bottom surface. While the opposing surfaces are discussed as 
top and bottom surfeces herein for purposes of convention, the invention 
contemplates use of any two opposite sides, referred to herein as oppositely. 

The top and bottom surfaces are chemically and optically 
asymmetric. At least one of the first and the second optical structures changes 

15 its optical response when a substance in contact with the optical structure 
changes. For example, the top surface may be hydrophobic and the bottom 
surface may be hydrophilic, or vice-versa. When released from the substrate, 
the resulting micron-sized particle will include a hydrophobic surface and a 
hydrophilic surface, thereby acting as a sensor. Hence, when the sensor is 

20 placed on a liquid surface, it may automaticaUy orient itself according to the 
different surface affinities with respect to the liquid. Moreover, each optical 
structure, one of which is disposed on either side of the sensor, may have a 
periodic structure on the respective surface to filter received light. For 
example, each optical structure is a multilayered rugate filter, wherein the 

25 rugate filters have different periodicities from one another that result in the 
distinct optical signatures. 

The processed sensor may be fabricated from a substrate of a 
semiconductor or other suitable solid-state materials. Preferably, the substrate 
is a single-crystal material, such as a silicon (Si) crystal. In the case of the 

30 single-crystal semiconductor material, the two surfaces of tiie processed 
sensors may be processed as periodic multilayered porous surfaces known as 
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rugate filters that diffract light of a narrow range of wavelengths. The selected 
wavelength is a function of the periodicity of the structure and of the refractive 
index of the material. When the sensor comes into contact with the target 
analyte, one or both of the rugate peaks will shift in a predictable manner. This 
5 spectral dependence may be used to optically sense different analytes. Thus, 
the invention provides optical sensors fabricated as micron-sized particles that 
form smart sensing dust ("smart dust") that can self align on a liquid surface for 
various sensing applications. The targeting behavior of the micron-sized 
optical sensors is effective because the sensors are removed from the substrate, 
10 and therefore exist as tiny particles that are readily cjqjable of movement. 
Moreover, Hie aggregation of dozens or hundreds of these sensors at the target 
provides useful signal amplification. 

Methods for fabricating optical particles, such as the micron- 
sized sensors, preferably include an electrochemical etching process, which is a 
15 relatively quick and inexpensive process, to produces chemically modified 
particles. For example, one embodiment of this process includes a 
semiconductor structure, such as a Si structure, that is produced by 
electrochemically etching silicon with plication of a time-vaiying electrical 
current so that the etched part of the silicon structure becomes porous. Next, 
20 the etched sUicon structure is modified by a thermal, photochemical, or 
electrochemical process to exhibit a desired property, e.g., being hydrophobic 
or hydrophilic. Thus, the two processing steps of etching and modification 
may be repeated on the same substrate to generate the desired structures, which 
are dual sided particles wherein each side includes a unique surface affinity. 
2^ Turning now to FIG. 1, a preferred embodiment of the instant 

invention is directed to the synthesis and use of photonic crystals of porous 
silicon (Si) that spontaneously assemble and orient, and are enable of sensing 
the local environment and reporting same macroscopically. The photonic 
crystals, designated generally at 10, are generated by electrochemically etching 
30 at least two discrete porous multilayered dielectric mirrors 12, 14 into a silicon 
substrate 16, one on top of the other. A first optical structure 12, which is 
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preferably as a dielectric mirror, such as a Rugate filter, is etched on the siUcon 
substrate 16, and is then modified prior to etching of the second optical 
structure 14, which is subsequently prepared to have an optical reflectivity 
spectrum that is distinct fi^om the first optical structure. Modification of the 
5 fu-st optical structure 12 is preferably thermal hydrosilylation with, for 
example, dodecene. However, it is contemplated that other agents for diermal 
hydrosilylation would likewise render a hydrophobic surface. 

Following etching of both the first and second optical structures 
12, 14 on the silicon substrate 16, a film, indicated generally at 18, that 
10 includes the first and second structures is removed from the silicon substrate. 
The second structure 14 is then selectively modified by one of a plurality of 
methods to obtain a structure having a different periodicity and different 
surface chemistry than the first structure 12. For example, the second structure 
14 may be oxidized to impart a hydrophilic character to the second structure, 
15 while the first stracture 12 retains its hydrophobic character. However, it is 
contemplated that other oxidizing agents would likewise render a hydrophilic 
surface. The fibn 18 is then fractured into small particles, resulting in 
chemically asymmetric particles 10 that will spontaneously align at an organic 
liquid/water interface, with a hydrophobic side oriented toward the organic 
20 phase and the hydrophilic side toward the water. Fracture may proceed via one 
of a plurality of mechanisms such as sonication or mechanical agitation. 
Preferably, however, the film 18 is subjected to sonication to fixture the film 
into micron-sized particles 10. The micron-sized particles 10 may then be used 
as micron-sized sensors. 
25 The micron-sized photonic particles 10 resulting from fabrication 

in this manner are useful in a vast array of applications, ranging from 
environmental monitoring, medical diagnostic, therapeutic applications, high 
throughput screening, drug discovery, biomedical implants, information 
display, optical switching, taggants and tracers to be used in forensics, and 
30 chemical and biological sensor fields. 
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For exemplary purposes, one embodiment of an exemplary 
sensing application is provided. A predetermined receptor for a target 
molecule may be chemically bound to one side of the dual-sided sensors. The 
receptor will chemically bind, or have an affinity for, the target cell or analyte, 
5 causing all of the sensors to self-assemble at the surface and self-align with tfie 
receptor-modified surface facing the target analyte. The second surface would 
be modified to have a general affinity for the medium in which the analysis is 
conducted. For example, the second surface may be modified to have an 
affinity for the human body or for water. Aggregation of the sensors at the 
10 target and changes in the optical properties of the rugate filters would signal the 
location and detection of the desired target analyte. 
Materials and Methods 

A particular embodiment method to produce self-assembling and 
self-organizing bifiinctional particles of porous silicon photonic crystals 

15 follows the process described with respect to FIG. 1, and has been used to 
produce prototype particles of the ivnention. A multilayered porous Si 
dielectric mirror is first electrochemically etched into the single-crystal Si (100) 
substrate (degenerate p-type, B doped, < 1 mQ-cm resistivity, obtained from 
Siltronix, Inc.). Hie etching solution consists of a 1:3 by volume mixture of 

20 absolute etfaanol (Aldrich Chemicals) and aqueous 49% HF (Quantum 
Chemicals). Etching is carried out in a Teflon cell using a two-electrode 
configuration with a Pt mesh counter electrode. A sinusoidal current density 
waveform varying between 1 1.5 and 34.6 mA/cm^ is applied for 100 cycles and 
a periodicity of 7 s. This side of the porous miiror is then thermally 

25 hydrosilylated with 1-dodecene to obtain a chemically stable hydrophobic 
mirror. The second mirror having a different periodicity than the first mirror is 
then etched into the substrate, immediately beneath the first, by placing the 
sample back in the Teflon etch cell and applying a sinusoidal current density 
varying between 11.5 and 34.6 mA/cm^ with 100 repeats and a periodicity of 

30 8.7 s. The entire, structure is then removed from the Si substrate by application 
of a current density pulse of 15.4 mA/cm^ for 45 s in an ethanol solution that is 
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3.3% by weight aqueous HF. The freestanding film is then placed in an oven 
m air at 100 °C for 15 h. This step preferentially produces a thermal oxide on 
the more reactive, hydrogen-terminated freshly etched layer, imparting a 
hydrophilic character to the second mirror while the hydrosilylated side retains 
5 its hydrophobic nature, as determined by contact angle measurements 
(advancing contact angle with water, hydrophobic side: 92°; hydrophilic side: 
39°). The chemical nature of the two faces is confirmed by diffuse reflectance 
infrared spectroscopy; absorption bands characteristic of aliphatic C-H 
vibrational modes (2960-2850 and 1470 cm-') are observed from the 
10 hydrosilylated side and a prominent band assigned to Si-O stretching ( 1 054 cm' 
') is observed after oxidation. The film is broken into micron-sized particles by 
ultrasonication as previously described. 

Results and Discussion 

Porous Si prepared using a sinusoidal current density waveform 
15 possesses an approximately sinusoidal porosity gradient in the direction of pore 
propagation. The porosity gradient results in a periodic variation in refractive 
index in the film. This structure, generally referred to as a rugate filter, 
produces a sharp diffraction feature in the optical reflectivity spectrum of the 
film, as illustrated in FIG. 2. When prepared, the hydrophobic side of the 
20 sensor is typically green (shown as solid), whereas the hydrophilic side is 
typically red (shown as dashed). The wavelength of the reflectivity maximum 
is determined by the periodicity and amplitude of the current waveform used in 
the etch. 

As illustrated in FIG. 2, the two traces indicate each side of the 
25 film dry, where the solid line represents reflected intensity obtained from the 
side of the film that contained a mirror etched using a sinusoidal current 
varying between 11.5 and 34.6 mA/cm^ This side of the porous mirror was 
then hydrosilylated with 1-dodecene. The dashed line is obtained from the side 
of the film that contained the second mirror, etched using a sinusoidal current 
30 varying between 1 1.5 and 34.6mA/cm^ and then removed from the Si substrate. 
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This side of the porous mirror was then thermally oxidized. The total thickness 
of the porous Si film is approximately 100 jxm. 

The tandem etch/modify method provides a general means for 
producing optical fihns with spatially resolved, chemically distinct layers. The 
5 main requirement of the chemical modification reactions is that they be stable 
to the hydrofluoric acid etchant used in generating subsequent porous Si layers. 
It is anticipated that a number of chemical and electrochemical modification 
strategies developed for porous Si can be used with this procedure. 

The bifunctional films will spontaneously orient at the siuface of 
10 water, with the hydrophobic side facing up. If a small (about 2 mm on an edge) 
piece of the fihn floating on a water surfece is picked up with forceps and 
flipped over, it will spontaneously right itself. The phenomenon is easily 
observed with the unaided eye due to the significant color difference between 
the hydrophobic and hydrophilic mirrors (green vs red, respectively, for 
15 example). The addition of a hydrophobic liquid that is immiscible with water 
(such as heptane) to flie water layer causes the films to localize at the 
liquid/liquid interface, with the hydrophobic mirror facing the hydrophobic 
liquid phase. 

The reflectivity spectrum fijom the bifiinctional mirrors provides a 
20 signal that reports on the interfacial interaction. The position of the spectral 
peaks in porous Si dielectric mirrors is a strong fiinction of flie average 
refi^tive index of the layers, and shifts in the photonic features have been 
shown to provide a very sensitive transduction modality for sensing of 
condensable vapors, proteins, DNA, and other molecules that can enter the 
25 pores. Turning now to FIG. 3 for exemplary purposes only, in one 
embodiment, the hydrosilylated layer is designed to display a spectral 
wavelength maximum of 530 nm in air, as illustrated in the "dry" trace, which 
is the same data represented by the solid line of FIG. 2 and obtained with the 
sample in air. Liquid water will not infiltrate the hydrophobic pores, and the 
30 peak displays no discemable shift when the fihn is in contact with water, as 



8 



wo 2005/034725 PCT/US2004/026572 



illustrated in the "on water" trace of FIG. 3, which represents the spectrum of 
the hydrophobic side of the sample when it is floating on water. By contrast, in 
the presence of the heptane phase, the spectral feature shifts to 560 nm, as 
illustrated in the "at interface" trace of FIG. 3, which represents the spectrum 
5 of the sample sitting at the water/heptane interface. 

Timiing now to FIG. 4, the complementary effect is observed on 
the opposite side of the film. In one exemplary embodiment, the hydrophilic 
mirror displays a wavelength maximum of 702 nm (FIG. 4, "dry"); in contact 
with water the main spectral feature shifts to 762 nm (FIG. 4, "on water"). 
10 Subsequent addition of heptane to form the two phase mixture does not 
significantly shift this peak (to 767 nm, FIG. 4, "at interface"). 

TTie same optical effects are observed on smaller, which we refer 
to as "smart dust" particles, and which are made by fi-acture of the prepared 
porous Si films, for example through ultrasonication. The particles are 

15 observed to spontaneously assemble and orient at the interface of a small drop 
of dichloromethane in water. Spectra similar to those observed with the larger 
(mm-size) films (FIGs. 3 and 4) are observed on the micron-size particles as 
well, confirming that self-orientation and self-assembly occurs with the small 
particles. In this case it is very difficult to measure the reflectivity spectmm 

20 fi-om an individual particle, but quite simple to measure the spectrum from an 
ensemble of the particles once they have assembled and oriented at the 
interface. The targeted assembly process thus provides an important 
amplification ftmction. 

The chemically asymmetric "smart dust" particles enable 
25 interesting applications in high throughput screening, drug discovery, 
biomedical implants, information display, optical switching, and chemical and 
biological sensor fields. Use of the chemically stratified materials as a self- 
assembling chemical sensor is anticipated. The chemically asymmetric 
particles spontaneously target and align themselves at an organic liquid/water 
30 interface with the hydrophobic side oriented toward the organic phase and the 
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hydrophilic side toward the water. A characteristic shift in the optical spectra 
of both optical structures signals the arrival of the particle at the interface. With 
the appropriate recognition elements, these self-targeting and self-orienting 
materials may be applied to a variety of interesting problems. More 
5 specifically, the predetermined receptor for a target analyte may be chemically 
bound to one side of the dual-sided sensor of the instant invention, thereby 
causing the sensor to chenaically bind or have an affinity for the target cell or 
target analyte. Possible recognition elements that could be incorporated into 
this method include homing peptides, antibodies, sugars, DNA or RNA strands, 

10 enzyme inhibitors, membrane-bound proteins, and other biological recognition 
elements. Thus, the sensors would self-align and self-assemble at the surface 
of the target cell or target analyte, with the receptor-modified surface facing the 
target cell or target analyte. For example, the particles might be used to locate, 
identify, and/or destroy certain cell types in the body or they might be used to 

15 locate and identify pathogenic bacteria in food or drinking water. Several 
features of porous Si are useful in this regard, for example, porous Si has been 
shown to be bioconq>atible and it is currently under active investigation as a 
con^onent in resorbable drug delivery systems. Additionally, the photonic 
features from the multilayers can be observed at a distance or through human 

20 tissue, and the porous layers can act as a sensitive biosensor for proteins or 
DNA. 

Still other embodiments of the invention provide methods useful 
for optoelectronics applications, such as optical switching or information 
display. Preparation of photonic crystal allow tuning of the rheological 

25 properties (such as hydrophobicity/hydrophilicity), and also allows the 
construction of a designed porous material with differing surface affinities. It 
is contemplated that these characteristics may be useful for drug delivery 
applications as well, especially where the porous Si material (or a derivative of 
it) is used to deliver one or more drugs at controlled or predetermined rates. By 

30 using this method (etching followed by chemical modification), one can 
prepare a host material for a drug or drugs that would allow one to tune the rate 
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at which the drug is released. Normally drugs are released in the body based 
on the dissolution rate of the material (such as with an aspirin tablet in the 
stomach). Since the pore size and nature of the surface can be changed in the 
film with each step, it is contemplated that, for instance, a drug could be 
5 provided in one layer that is released over a period of two weeks, while a 
different drug provided in a different layer is released over a period of hours. 
Release profile can be tuned in this fashion, as well, so that instead of a steadily 
decaying concentration of drug, one drug may exhibit an initial increase in 
concentration followed by a decrease, or a more sustained (constant) 
10 concentration can be maintained. 

While various embodiments of the present invention have been 
shown and described, it should be understood that other modifications, 
substitutions and alternatives are apparent to one of ordinary skill in the art. 
Such modifications, substitutions and alternatives can be made without 
15 departing fi-om the spirit and scope of the invention, which should be 
determined firom the appended claims. 

Various features of the invention are set forth in the following 

claims. 

20 
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